The photocurrent spectra for large-area molecular junctions are reported, where partially transparent copper top contacts permit illumination by UV−vis light. The effect of variation of the molecular structure and thickness are discussed. Internal photoemission (IPE), a process involving optical excitation of hot carriers in the contacts followed by transport across internal system barriers, is dominant when the molecular component does not absorb light. The IPE spectrum contains information regarding energy level alignment within a complete, working molecular junction, with the photocurrent sign indicating transport through either the occupied or unoccupied molecular orbitals. At photon energies where the molecular layer absorbs, a secondary phenomenon is operative in addition to IPE. In order to distinguish IPE from this secondary mechanism, we show the effect of the source intensity as well as the thickness of the molecular layer on the observed photocurrent. Our results clearly show that the IPE mechanism can be differentiated from the secondary mechanism by the effects of variation of experimental parameters. We conclude that IPE can provide valuable information regarding interfacial energetics in intact, working molecular junctions, including clear discrimination of charge transport mediated by electrons through unoccupied system orbitals from that mediated by hole transport through occupied system orbitals.
■ INTRODUCTION
Molecular electronics can be broadly defined as the study of charge transport across molecular distances (generally less than ∼10 nm), including potential applications in microelectronics. Part of the motivation for the genesis of this field is the conceptual extension of Moore's law, where it was realized that extending the ever-decreasing size of integrated circuits would eventually result in individual devices with molecular size. 1, 2 However, while the decreasing miniaturization of electronic components is often described as the primary motivator in molecular electronics, there are other important reasons for investigating molecules as circuit components. Another strong motivation includes using the vast array of organic structures to achieve functions that are difficult with conventional semiconductors. While electronic devices consisting of single molecules bridging two conducting contacts have been fabricated and studied, 3−9 molecular junctions that occupy relatively large areas (e.g., ∼200 × 200 μm 2 ) have also become an important platform for studying molecular electronics. 3,10−12 In order to enable the application of molecular devices in any real-world setting, a fundamental understanding of the factors that control their conductance and its dependence on molecular structure is required.
Given the prospect of using organic molecules as working functional components in electronic devices 13 and the enormous value of the current global electronics industry, the field of molecular electronics has become an active area of international research. Significant advances in understanding transport have been made over the past decade, 2,3,14−20 and various platforms have been developed to study the electrical characteristics and charge transport mechanism(s) in molecular junctions. 6, 21, 22 Despite these advances, a clear understanding of all of the factors that govern conductance in a molecular junction has been elusive, in part because the electronic properties of molecules may vary over a wide range, from insulating to conducting. Moreover, it has become clear that interactions between the molecules and conductors in a molecular device lead to the requirement to consider a molecular junction as a system, where the properties of the individual, isolated components are insufficient or misleading for predicting the behavior of a completed device. 23, 24 Since the specific design of electronic function has been a primary goal in molecular electronics, 12, 25 information regarding system energy levels in complete, functioning devices, including possible interactions between the molecules and the contacts, is critical to further progress. Several recent reports on in situ characterization of molecular junctions have been published, including UV−vis, 26 ,27 infrared 28−31 and Raman spectroscopy, 32, 33 thermopower measurements, 34, 35 and inelastic tunnel-ing spectroscopy. 33, 36, 37 While these methods provide information about junction structure and carrier sign, they do not directly probe system energy levels. Other measurements that do provide knowledge regarding energy levels (e.g., ultraviolet photoelectron spectroscopy 38, 39 ) are not readily carried out on completed devices.
Illumination by photons in the ultraviolet and visible range of the spectrum can result in transitions between electronic states that involve HOMO−LUMO transitions in molecules, as well as the excitation of carriers across moderate to large interfacial barriers. Such barriers in many molecular electronic systems reside in the 1−3 eV range, 24 corresponding to wavelengths ∼400−1240 nm. From this general discussion, it is clear that, in the specific case of a large area molecular junction composed of an organic molecule between two conductors, illumination can induce conduction through excitation of carriers in the contacts or of electrons within orbitals in the molecular component. Characterization of these photocurrents therefore can reveal information regarding the energy levels within molecular junctions. However, since there are different pathways for generating photocurrent, the relationship between energy levels within molecular junctions and the resulting photocurrent is not obvious.
One form of photocurrent spectroscopy that has been employed in the past for characterization of internal energy levels in metal−insulator−metal (M−I−M) junctions is internal photoemission (IPE), which is a variation on the classical photoelectric effect. In external photoemission, a photon-induced electronic excitation in a solid conductor leads to carriers with energy greater than the work function of the conductor, and electrons are injected into a vacuum. However, in IPE in a solid-state junction, the photon energy is lower than the contact work function, but can be high enough to inject carriers into or across an internal energy level, resulting in a measurable current across the junction. IPE has been used to measure barrier heights in various M−I−M junctions (where "I" is typically an oxide tunneling barrier), notably across aluminum oxide tunnel junctions. 40−43 We previously showed preliminary data 44 that indicated IPE could be used to characterize the interfacial barrier of molecular junctions consisting of carbon/molecule/Cu, with the energy threshold for photocurrent indicating the E f − E HOMO or E LUMO − E f interfacial barriers (where E f is the system Fermi level). We also reported that the sign of the photocurrent can provide information regarding the involvement of the HOMO or LUMO in mediating tunneling across the molecular junction.
In this paper, we extend our previous results to a wider range of molecular structures, and explore the use of IPE to characterize energetics in molecular junctions. Through systematic correlation of the photocurrent spectrum with that of the absorbance spectrum of different molecules, plus variation of the molecular layer thickness, source intensity, and photon energy, we identified photocurrents resulting from photon absorption in the contacts and those induced by photon absorption in the molecular layer. The results permit formulation of criteria for determining the origin of the photocurrent, and the relationship to the position of system energy levels. For molecular junctions that show only IPEbased photocurrent, an analysis through construction of a Fowler plot can yield a measurement of the interfacial barrier, where the photocurrent sign can be used to determine whether electron or hole transport is dominant. IPE was characterized and illustrated with molecular junctions made with seven different aromatic, aliphatic, and organometallic molecular junction structures, which exhibit conduction mediated by both occupied and unoccupied system orbitals.
■ EXPERIMENTAL SECTION
The schematic of the junction structure and the structures of all the molecules used in this study are provided in Supporting Information (SI), Figures S1 and S2. Molecular layers included azobenzene (AB), anthraquinone (AQ), bromophenyl (BrP), nitroazobenzene (NAB), phenyl ferrocene (Fc), dodecylamine (C12), and naphthalene diimide (NDI), all of which were multilayers on pyrolyzed photoresist film (PPF) substrates with the their thicknesses determined with AFM (in nm): for example, AB(3.4 nm), BrP(3.0 nm). The fabrication of molecular junctions has been described in detail previously, 22,24,44−47 and utilizes the electrochemical reduction of diazonium reagents on flat carbon surfaces 48 and vapor deposition of metallic 22 or carbon 49 top contacts. However, rather than silicon substrates with an insulating layer of thermal oxide, polished fused quartz substrates (from Technical Glass Products, Inc.) were used as a substrate in the current study to avoid the possibility of stray photocurrent from crystalline silicon. For the Al/Al 2 O 3 /Cu junctions, polished borosilicate glass was first cleaned by sonication in acetone followed by IPA and water for 10 min each, then 60 nm of Al was deposited via e-beam evaporation through a shadow mask with a 3 nm Cr adhesion layer. Next, the samples were heated in air to a temperature of 175°C (verified using an IR thermometer) for 10 min. Finally, 20 nm Cu was deposited using a shadow mask oriented perpendicular to the Al/ Al 2 O 3 lines. As illustrated in the schematic representation of the optical apparatus 44 in Supporting Information Figure S1 , photocurrent spectra were measured by passing a small band (Δλ = 13 nm) of light from a Xe arc source and monochromator through an optical chopper and onto the junction. Lock-in detection (Supporting Information Figure  S3 -A) was used to measure the resulting photocurrent, and an independent measure of the optical power incident on the junction with a Newport 1936-R power meter was used to determine the external quantum yield (EQE). 44 EQE is defined as the number of photoelectrons in the external circuit divided by the number of photons incident on the junction. The sign of the photocurrent was determined by calibrating the phase of the lock-in detection using a photodiode as a reference, as described previously, 44 where a positive photocurrent indicates electrons flowing from the Cu to PPF in the external circuit. Laser diodes operating at 808 nm (1.53 eV) and 852 nm (1.46 eV) from Thorlabs were used to extend the photocurrent measurements beyond the useful range of the Xe arc.
The photocurrent sign was also verified with laser illumination and dc current measurements in several cases (Supporting Information Figure S3 -B) to avoid any ambiguity resulting from phase sensitive detection. In order to measure photocurrent as a function of incident power, laser light from an Ar-ion laser was directed onto the junction, which permitted the use of direct current measurements and a wider range of incident power than that available with the Xe arc source. The optical power delivered to the junction was determined immediately above the sample with the Newport power meter, and the focused spot size was determined visually. The power density at the junction varied from 0.6 to 7 W/cm 2 for Xe arc illumination and up to 50 W/cm 2 for laser illumination, and the resulting photocurrents were stable for many hours. In all cases, at least four junctions on a given chip were studied in order to determine the standard deviation of the photocurrent.
■ RESULTS AND DISCUSSION Figure 1 shows a schematic energy level diagram for a molecular junction. This model is based on the availability of electronic states, represented by horizontal lines, where shading represents occupied states in the conducting contacts. The Fermi level (E f ) of the contacts (defined as the energy where the probability of finding an electron is 0.5) therefore represents the demarcation between filled and empty states for the conductors, while the molecular component has filled (HOMO) and empty (LUMO) orbitals. The gap between the frontier orbitals in the molecular region (i.e., the HOMO− LUMO gap, E g ) creates a region where electrons are not allowed so that when these orbitals are separated from E f by an energy greater than kT, carriers cannot pass freely from one contact into the other, resulting in an interfacial barrier for electrons (ϕ e − ; LUMO-mediated transport) and holes (ϕ h + ; HOMO-mediated transport). In cases where the distance between the two conductors is small, ϕ is a nonresonant quantum mechanical tunneling barrier. Multiple values of molecular orbitals are shown to represent inhomogeneous broadening by the various orientations in the molecular multilayer.
While the model in Figure 1 has been used in numerous descriptions of molecular junctions, there are several issues that are not readily apparent in this diagram. For example, strong electronic coupling between the contacts and molecular layer can result in a dipole across the interface that can be important in determining the actual system barrier (i.e., an electrostatic dipole barrier results from partial charge transfer between the molecule and contact). 24, 50, 51 Moreover, interactions between the molecule and contacts can lead to hybridization, creating orbitals that span both the molecule and the contact(s). These effects can result in a distribution of highest occupied (HOSO) and lowest unoccupied (LUSO) system orbitals with significantly different energies from the free-molecule HOMO or LUMO levels, as well as shifts in the local vacuum level over the molecular layer. 51, 52 As will be discussed below, the orbital energy levels relevant to transport in the junction are not those for isolated molecules but instead are the occupied system orbitals (HOSOs) and unoccupied system orbitals (LUSOs) which incorporate electronic changes during fabrication. For all of these reasons, methods that provide energy level alignment and barrier height information in intact, complete junctions are highly valuable.
We previously reported that IPE can provide a direct measure of both the hole (E f − E HOSO ) and electron (E LUSO − E f ) tunnelling barriers, although this analysis is complicated by IPE currents from both the contacts and additional photocurrent from excitons resulting from optical excitation of the molecular component. 44 The generation of photocurrent by an IPE mechanism is initiated by light absorption in the conducting contacts 40,43,53−55 and results in hot electrons through the excitation and decay of surface plasmons. 56−58 These nonequilibrium carriers can then traverse the molecular layer and be collected at the second electrode when the photon energy exceeds the interfacial barrier (i.e., such that the carrier energy is resonant with the orbital energy) and if energy losses due to scattering are minimal. To illustrate how IPE might provide both hole and electron barriers, Figure 1 shows lightstimulated hole transport (blue arrows), where an electron from an occupied state in one contact (here shown as carbon) is transferred to a photogenerated hole in the other contact (here, Cu), resulting in a positive shift in the PPF potential and a positive photocurrent in the external circuit. The red arrows indicate the excitation of an electron, which is transported via a LUSO to the carbon, producing a negative photocurrent. Thus, hot carriers can cross both hole and electron tunnelling barriers, 53 resulting in either positive or negative photocurrents, thus serving as an indication of both occupied and unoccupied states in the barrier region.
While IPE relies on excitation of carriers in the contacts, the overall photocurrent for a given molecular junction may have contributions from other mechanisms where the photon is absorbed by the molecule rather than the contacts. For example, the illumination of organic molecules within a molecular junction can generate excitons which dissociate and result in a photovoltaic response in addition to IPE. In this report, we have two primary goals: first, to determine ways to distinguish IPE from other photocurrent-generating mechanisms; and second, to use IPE to characterize energy level alignment and barrier heights in molecular junctions. In order to provide a test-bed for investigating IPE, we have identified several molecules that have different absorption spectra, and have tested the dependence of the photocurrent on several parameters, including molecular structure, molecular layer thickness, source intensity, and energy, as discussed below.
Theoretical descriptions of the IPE process are based on Fowler theory, 59 such that the IPE photoemission yield (Y, photoelectrons/incident photon) is given by 53, 60 
where E is the incident photon energy (hν where h is Planck's constant and ν is frequency), and ϕ is the interfacial barrier, e.g., E LUSO − E f . A plot of Y 1/2 versus photon energy (i.e., a Fowler plot) is expected to be linear if IPE is the only process involved in photocurrent generation, and linear extrapolation of the Fowler plot to the x-axis can be used to determine the value of the interfacial barrier height. Equation 1 and Fowler theory should not be confused with field emission (also known as Fowler−Nordheim tunneling). Although Fowler developed theories for both phenomena, they are completely distinct, and we are concerned here only with understanding the photocurrent response. Augmentation of IPE by optical absorption in the molecular layer has been described as "pseudo-IPE" in the case of thick molecular layers on conductors. 53 This additional photoeffect is distinct from IPE and will be discussed only briefly here, although the ability to use IPE to characterize molecular junctions requires identification and avoidance of pseudo-IPE.
In order to provide ways to identify IPE, several experiments were carried out, including measurement and analysis of the photocurrent in molecular junctions with a broader range of molecular structures and layer thicknesses than in our initial report. 44 The optical absorbance of each molecule bonded to the PPF substrate was determined and compared to the observed photocurrent spectra to determine the effects of molecular absorption. These criteria enable a full assessment of what information IPE can provide regarding energy levels in functioning molecular electronic devices. In order to provide a baseline that is free from molecular absorbance, we will start by discussing the photocurrent spectrum of Al/AlOx/Cu junctions and a carbon/C12/Cu junction (C12 and AlOx do not absorb light in this 200−800 nm spectral range). The measured photocurrent yield (i.e., the number of electrons per incident photon after calibration of the light intensity) as a function of photon energy for both junctions is shown in Figure 2A .
The negative photocurrent measured for the AlOx junction indicates that the Al substrate becomes negative when illuminated, such that photoexcited electrons in the copper traverse the oxide through its conduction band. The opposite sign for the case of the alkane junctions (black curve) at low energy results from electron transport through the HOSO into photogenerated holes in the Cu contact, as reported previously 24, 44 and shown schematically in Figure 1 . Figure 2B shows a Fowler plot for an Al/AlOx/Cu(20 nm) junction, where the extrapolated value of the electron tunneling barrier is determined to be 2.4(±0.1) eV, consistent with other reported values. Although a range 0.9−3 eV, e.g., has been reported, Goodman reported a value of 2.0 ± 0.2 eV for electrons in AlOx exposed to liquid water. 43 As reported previously, and is apparent in Figure 2B , the hole tunneling barrier (E f − E HOSO ) for a PPF/alkane/Cu junction is 1.7(±0.1) eV and E f − E LUSO is 2.8(±0.2) eV, respectively, both based on the Fowler plot intercept. In the cases shown in Figure 2A , absorbance by the molecular portion of the junction is avoided by the choice of materials. However, molecular electronics involves the use of a wide range of structures with varied optical absorption characteristics. Below, we describe how the absorption spectrum of a molecule correlates with the photocurrent spectrum for a series of molecules.
The structures of five different organic molecules (AB, NAB, AQ, BrP, and C12) are shown in Supporting Information Figure S2 , and have all been used previously to construct molecular junctions of the structure carbon/molecule/Cu (20 nm). 24 Figure 3A shows a plot of the photocurrent yield as a function of photon energy for five different molecular structures with approximately equal molecular layer thicknesses, as follows: C12 (2.3 nm, black curve), 44 BrP (3.0 nm, blue curve), 44 AQ (2.5 nm, green curve), AB (3.4 nm, red curve), and NAB (4.0 nm, violet curve). Notable observations from Figure 3A include a similar photoresponse for C12 and AQ at low energy (<2.8 eV), while a larger and negative photocurrent is observed for the AQ junction above 3 eV. The magnitude of the yield for junctions containing AB and NAB molecules at low energy (<2 eV) is comparable to that of C12 and AQ, but at higher energies, the yield for these two molecules increases significantly, and is negative. We previously proposed 44 that the change in sign for the C12 junction was indicative of the smaller interfacial barrier defined by the HOSO being more energetically accessible than the LUSO. Thus, the photocurrent at low energies is positive, but becomes negative when the electron tunneling barrier becomes accessible. This enabled the energy level alignment of electron and hole barriers for the C12 junction to be determined. 44 Note that in Figure 3A the energy where the photocurrent changes sign (i.e., the "crossing point" of the plot in Figure 3B ) depends on the structure of the molecule: the crossing points are 3.7 eV for BrP, 2.8 eV for AQ, 1.65 eV for AB, while NAB remains negative in the spectral range studied and does not cross the abscissa. In order to determine if the absorbance of the molecule correlates with these crossing points, the photocurrent yield spectra are overlaid with the absorbance spectra for each of the aromatic molecules in Figure 4 (complete details for obtaining absorbance spectra for the thin molecular layers on carbon are provided in Supporting Information, section 4 61 ). Here, a striking relationship between optical absorbance (black curves) and the measured photocurrent yield spectra (colored data points) implies that absorption by the molecular component plays a role in determining the photocurrent spectrum characteristics, notably the abscissa crossing energy and the onset of negative photocurrent. In Figure 4A , it is apparent that the magnitude of the photocurrent for AQ is similar to that of the alkane junction (see Figure 3B ) in the energy range where little or no absorption by AQ takes place (below ∼2.5 eV). However, at higher energies, when the AQ crosses the abscissa and becomes progressively more negative, the AQ photocurrent significantly exceeds that of the alkane. One possible explanation is that when the molecule does not absorb incident light, IPE is the main mechanism contributing to the photocurrent, and the positive photocurrent indicates that the HOSO mediates the tunneling process for both molecules (i.e., it is more energetically accessible). When the molecule absorbs light, a secondary mechanism contributes additional negative current to the photoresponse. Recalling from Figure 3B that the AQ molecule photocurrent crossing point is 2.8 eV, we note that the onset for optical absorption for AQ chemisorbed to a transparent carbon surface is 2.5 eV (see Supporting Information Figure S5-B) . A similar analysis of absorption and abscissa crossing energy was done for each molecule in Figure 3B , as well as C12, and is summarized in Table 1 . It is important to note that while optical absorption onset and electron transport barriers provide important information about junction electronic structure, they are derived from different processes, and cannot be directly connected without taking into consideration several different factors. 62 In the case of AB and NAB, where significant optical absorption occurs even at low energy, the photocurrent measured using the continuum light source remains negative throughout the entire accessible spectral range of the Xe arc (see Figure 4B ,D). Either there is no photocurrent crossing point for these molecules, or it cannot be observed using the continuum source, due to its limited power. However, using laser diodes allows sufficient power to enable the measurement of the photocurrent at lower photon energies. The two points (808 and 852 nm) obtained from these measurements both resulted in positive photocurrent for the AB junction, and are included in the AB photocurrent spectrum in Figure 3B , showing that the crossing point for AB is ∼1.6 eV. Analysis of the compiled data in Table 1 clearly shows that the photocurrent crossing point correlates with the onset of optical absorbance for the four molecules where both are available. This result indicates that a two-regime model is needed to explain the entire photocurrent spectrum for certain molecules: an IPE regime at low energies where molecular absorption is negligible, and a second photocurrent mechanism involving molecular absorption (MA) at higher energies, with the particular crossing point dictated by molecular structure. The conclusion from analysis of Table 1 is that in order to use IPE to characterize energy levels while avoiding interference by a molecular absorption photocurrent the analysis must be done in a region where the observed photocurrent is dominated by IPE. In order to provide additional tests of the contribution of molecular absorption, we examined the dependence of the photocurrent on excitation intensity and the molecular layer thickness.
As noted above, IPE current is characterized by excitation of surface plasmons in the contacts, which decay into hot electron−hole pairs, with subsequent transport across internal system barriers at appropriate energies. Because conductors have very high carrier concentrations, the excitation of hot carriers is linearly dependent upon the excitation source intensity as long as the number of the excited carriers is small compared to the total number of carriers present. Thus, the IPE photocurrent is expected to increase linearly with excitation intensity over a wide range of intensity. However, exciton formation in molecular materials can show nonlinearity for at least two reasons. First, the density of molecular ground states may be depleted faster than they can refill at high excitation levels. Second, various models of exciton generation include a nonlinear term due to recombination effects. In particular, bimolecular and/or surface recombination is expected to result in proportionality between the square of the photocurrent and the excitation intensity. 59, 63, 64 Following a previously reported derivation for exciton generation, 63 the number of excitons (n) and the resulting photocurrent are linearly dependent on the illumination intensity (I, in photons/ sec), given by eq 2 α = n I (2) where α is a constant representing optical absorption in the material. Next, we define the rate constant for monomolecular recombination (k m ) as being inversely related to the lifetime of the mobile charge carrier optically generated in the material. In the case of IPE, an optically generated hot electron in Cu crosses the barrier and undergoes recombination with a nonmobile hole in the carbon contact. Here, the process of a single mobile charge carrier annihilating a localized positive charge in the carbon contact makes the carbon more negative, and represents a monomolecular process since a single mobile charge carrier is eliminated. For the case of two mobile charges (bound or not) recombining, we define a rate constant k b , the bimolecular recombination rate constant. Since the steady-state condition gives the rate of change of n with respect to time as zero, we have
when n is small relative to the total number of available states 
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Equation 4 shows that when the photocurrent is controlled by monomolecular recombination, such as a hot carrier crossing a barrier and being collected by a second electrode, 63 the photocurrent will be a linear function of intensity. This is true as long as the number of excited carriers is small relative to the number of carriers in the contact (i.e., carriers in the conductor are not able to be exhausted by the excitation process). This assumption is reasonable since Cu has a high carrier density, and the measured photocurrent is small. Thus, IPE is expected to remain linear with excitation intensity over a wide range of experimental conditions. Equation 5, on the other hand, shows that bimolecular recombination is expected to exhibit a photocurrent that is proportional to the square root of intensity. In this instance, the total number of excited carriers now can be relatively large relative to the number of available states in the molecular layer. These considerations imply that a good test of mechanism is the relationship between photocurrent and excitation intensity.
Given the mechanistic inferences from Figure 4 , the response to a particular incident wavelength can be predicted to be linear or quadratic. For example, at photon energies below 3.0 eV, AlOx, BrP, and AQ junctions are expected to show linear photocurrent vsintensity plots, since the molecules do not absorb light and the dominant mechanism is IPE. In contrast, AB absorbs light over the range 1.7−3 eV, and is expected to show a nonlinear dependence on intensity. Figure 5 shows plots of the photocurrent (i p ) as a function of the excitation intensity for several different junctions under constant (i.e., unmodulated) laser illumination at selected optical energies. First, Figure 5A shows a plot for the Al/Al 2 O 3 /Cu (20) sample, for which a negative dc photocurrent was recorded using a picoammeter (see Supporting Information for more details) and Ar-ion laser illumination at 475 nm (2.65 eV). The photocurrent response is linear with excitation intensity, as expected for a pure-IPE derived photocurrent. Since AlOx does not have any optical transitions within the energy region tested, it provides an excellent control experiment and confirms the linearity of IPE current with intensity. Second, Figure 5B shows a similar plot for an AQ-containing junction which exhibits linear response for both 514 nm (2.41 eV) and 689 nm (1.80 eV), as predicted from Figure 4A given the weak absorbance of AQ at these wavelengths. Third, Figure 5C shows the analogous plots for BrP at 2.4 and 2.7 eV, again displaying a linear increase with intensity as expected from Figure 4C . It is also important to note that the sign of the photocurrents from Figures 4 and 5 match, such that, in cases where no absorption takes place, the photocurrent is negative, indicating LUSO mediated transport (Al 2 O 3 ) or positive indicating HOSO transport (AQ and BrP) where expected. Taken together, the results for AlOx, AQ, and BrP in Figure 5A −C indicate that the observed photocurrent is dominated by IPE, with negligible contribution from photon absorption in the molecular layer. Finally, the AB molecular layer does show significant absorbance below 3 eV, and plots of i p versus excitation intensity for two wavelengths (458 nm, or 2.7 eV; and 514 nm or 2.4 eV) where AB absorbs light are shown in Figure 5D . Here, the photocurrent is negative and displays a clear nonlinear trend. This sublinear increase of the photocurrent with intensity is consistent with a simple quadratic function, showing that when the molecule absorbs a significant amount of the incident light, the photocurrent is governed by a bimolecular recombination mechanism (eq 5) that is distinct from IPE. To confirm this hypothesis, we also monitored photocurrent versus intensity for alkane junctions at 2.4 and 2.7 eV ( Figure S6 in Supporting Information), and in both cases the plots were linear. Overall, the dependence of the photocurrent on excitation intensity enables determination if IPE is the dominant mechanism or if molecular absorption contributes significantly.
In order to obtain further insight into the IPE regime of the photocurrent spectra, we examined molecular junctions containing ferrocene and NDI molecular layers. These molecules exhibit very weak optical absorption below 3 eV ( Figure 6A ,B, solid lines and right ordinate), which leads to the expectation that IPE should dominate the photocurrent spectra for these molecules below 3 eV. Figure 6A ,B shows overlays of the absorption and photocurrent spectra as functions of photon energy for molecular junctions containing ferrocene and NDI, respectively. Figure 6A shows that the photocurrent measured for a Fc junction is positive throughout the entire spectral range, indicating that the HOSOs mediate transport for the IPE mechanism. However, at energies above 3 eV, the photocurrent yield decreases in magnitude. One possible explanation for this observation is that above 3 eV the secondary mechanism (i.e., MA) might significantly exceed the primary IPE mechanism. A second possibility is that LUSO-mediated IPE begins contributing to the overall current, acting to decrease the overall yield. Figure 6B shows a photocurrent spectrum for an NDI molecular junction that is similar to that observed for Fc junctions, except that the photocurrent for NDI is always negative. The lack of molecular absorbance in this region implies that both Fc and NDI photocurrents are due to IPE, and that they are HOSO and LUSO mediated, respectively. Figure 6C ,Ds show the photocurrent dependence on incident light intensity for two energies for both Fc and NDI. In all four 
Article cases, the photocurrent is linear with intensity, as expected for IPE without significant molecular absorption.
An additional mechanistic test for a MA contribution is the variation of the photocurrent with the thickness of the molecular layer. The IPE mechanism should show a weak dependence on the thickness of the molecular layer, at least up to the scattering length of electrons in the molecular layer. Any mechanism involving optical absorption by the molecular layer should increase linearly with layer thickness. Figure 7A ,B shows the photocurrent yield spectra for junctions with molecular layer thicknesses in the 3−5 nm range for Fc NDI, AB, and NAB. For ferrocene molecules within the IPE regime (i.e., at energies less than 3 eV), the photocurrent yield is independent of molecular thickness (within experimental error), indicating that a greater path length for optical absorption has no significant effect on photocurrent. Figure 7B shows a slightly different behavior for junctions containing NDI: the yield remains almost independent of molecular thickness at low energy, whereas at energies above 3 eV, yield increases considerably with molecular layer thickness. Figure 7 also shows photocurrent yield spectra for increasing thicknesses of AB (part C) and NAB (part D) junctions for the 2−5 nm range, showing a significant dependence of yield on molecular layer thickness. Comparison of plots of yield versus thickness for all four molecules (plots shown in Supporting Information Figure S8 ) reveals two distinct behaviors. For cases where the absorption by the molecular layer is small (Fc, 1.82 and 3.26 eV; NDI, AB, and NAB at 1.82 eV), the yield weakly depends on thickness. When molecular absorption is significant, there is a pronounced increase in photocurrent with increasing molecular layer thickness. Considering the results from Figure 7 and Supporting Information Figure S8 together, we conclude that two different mechanisms are responsible for generating photocurrent in molecular junctions which can be distinguished by the site of optical absorption. In IPE, hot carriers generated by light absorption in one contact cross the internal system tunneling barrier, as long as they have appropriate energy, and are then collected by the second contact. In the second mechanism, carriers are generated by absorption in the molecular layer, and may be collected or undergo bimolecular recombination. It is important to note that IPE is operative to some extent in all cases, although the yield for this process is small compared to the MA process for AB and NAB for most of the spectral range examined.
Having established how to distinguish the two different regimes, we move to an analysis of junction energy level characterizations using IPE by avoiding photon energies where molecular absorption contributes significantly. Fowler plots for all of the molecules which meet the requirement of negligible molecular absorption appear in Supporting Information Figure  S9 , and their intercepts are listed in Table 2 . Table 2 also includes E f − E HOMO offsets determined with UPS and the barrier height determined from a detailed Simmons analysis of current−voltage response of completed junctions. Table 2 shows that the value obtained for barrier heights using three different methods agrees within a reasonable margin given the experimental errors inherent in each technique. It is important to note that the experimental UPS measurements were obtained from incomplete devices without top contacts, i.e., molecular layers on carbon substrates in vacuum, whereas the Fowler intercepts were obtained from complete, working devices.
Note that the Fowler intercept for AB is approximate due to insufficient data outside the molecular absorbance regime. c Approximate, based on two points (808 and 852 nm).
Although the Fc and NDI intercepts are similar, they clearly differ in the sign of the photocurrent, with NDI exhibiting negative photocurrent near the intercept and Fc, AQ, BrP, and AB all having positive photocurrent in the same region. Since all the cases except NAB listed in Table 2 meet the criteria for IPE, the sign of the photocurrent provides unambiguous determination of the system energies responsible for the tunneling barrier. The onset of IPE occurs at the energy closest to the system Fermi level, and represents the barrier for electron or hole tunneling. On the basis of the model of IPE in Figure 1 , positive photocurrent corresponds to transport mediated by the nearest HOSO, while negative photocurrent is mediated by the nearest LUSO. Therefore, NDI is a case of electron tunneling while AQ, AB, BrP, Fc, and C12 undergo hole tunneling near the Fowler threshold. Figure 8A shows the resulting energy level diagram for the Fc junction, where a positive photocurrent was measured in the IPE wavelength regime. Along with the energy level diagram, a schematic representation of IPE is shown, where an excited hole in the Cu is filled by an electron from the carbon. Figure 8B provides a contrasting IPE mechanism and energy level diagram for the NDI-containing molecular junction, where electron transport from the Cu to carbon takes place internally. These results show that IPE may be used to obtain information from working molecular junctions about the relative alignment of occupied and unoccupied molecular orbitals relative to the system Fermi level, for either LUSO-mediated (electron) tunneling or HOSO-mediated (hole) tunneling. In this model it is implicit that photoexcitation occurs predominantly in the Cu, and that IPE is the dominant mechanism, with negligible contribution from absorption by the molecular layer or by the carbon substrate. Note that Figure 8 shows the movement of only electrons, while a different convention often shows the movement of holes. An equivalent schematic could be drawn which shows holes moving in the opposite direction to that of electrons in Figure 8 , with no effect on the observed current.
The average tunneling barrier obtained from UPS results was 1.3 ± 0.2 eV for the aromatic molecules, quite close to the 1.2 ± 0.2 eV estimated from the J−V curves using modified Simmons analysis. 45 The average tunnelling barriers obtained for the aromatic molecules by the Fowler analysis is 1.2 ± 0.2 eV, in good agreement with the previous determinations. We have previously reported the compression of interfacial barriers in our junctions, 24 due to the strong electronic coupling between the molecule and the substrate which causes a significant alteration of energy levels from those of the free molecules and unmodified substrate. Upon bonding, electronic inductive effects result in local changes in electrostatic potential and compression of the tunnelling barrier from values predicted from the free molecule energy levels. This compression has been attributed to an induced density of interface states, 65, 66 sometimes referred to as the gap states, 67 which are transport states lying within the HOMO−LUMO gap of the molecular species. Such effects are a consequence of the interaction between the molecules and the contacts, and reinforce the conclusion that the entire system must be considered when predicting interfacial barriers. Therefore, direct determination of energy levels in complete, intact devices using photocurrent measurements can provide valuable information about energy level alignment, and assist in the larger problem of understanding the structural factors which determine the electronic behavior of molecular junctions.
■ CONCLUSIONS
This paper demonstrates that the observed photocurrent spectrum of a molecular tunnel junction is often composed of two types of photocurrent: one involving an IPE process, which can be useful for determining energy level alignment and interfacial energy barriers, and one that involves optical absorption by the molecular layer. IPE occurs when the molecular layer absorption is weak, and IPE photocurrent is linear with light intensity and weakly dependent on molecular layer thickness. The Fowler plot for IPE is linear, with its intercept on the abscissa equal to the energy offset between the system Fermi level and the nearest orbital, with positive photocurrent indicating LUSO-mediated transport and negative photocurrent indicating HOSO mediation. Chemisorbed molecules which absorb photons within the molecular layer lead to additional photocurrent, which is nonlinear with light intensity and dependent on molecular layer thickness. Although the additional photocurrent can complicate the IPE analysis, it is directly relevant to photovoltaic devices with much thicker molecular layers than those studied here. Current investigations include IPE experiments with thicker molecular layers to determine how far the photoelectron can travel before scattering within the molecular junction. In addition, the characteristics of the molecular absorption mechanism are being studied to determine its underlying mechanism. In addition to identifying the charge carrier and tunneling barriers from IPE, the alternative mechanism involving molecular absorption should reveal new photoeffects and possibly additional applications of molecular junctions in photonics.
■ ASSOCIATED CONTENT * S Supporting Information Experimental schematics, optical absorption spectra, photocurrent dependence on light intensity, molecular layer thickness dependence, and Fowler plots. This material is available free of charge via the Internet at http://pubs.acs.org. 
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